A ka-band multi-channel Doppler reflectometer system was constructed for the Large Helical Device (LHD) using a comb frequency generator as a source. A filter bank system is utilized for precise quadrature phase detection, and preliminary back-scattered waves were obtained in LHD plasma experiments. In addition, a direct digital signal acquisition system was successfully demonstrated for providing a greater number of multi-channel measurements.
Introduction
Doppler reflectometry (also called Doppler backscattering: DBS) is a unique technique when used in combination with the back-scattering method, which provides a wavenumber resolution, and reflectometry, which provides a high-spatial resolution [1] . Doppler reflectometry can measure the perpendicular velocity of electron density fluctuations v ⊥ , the radial electric field E r , and the perpendicular wavenumber spectrum S (k ⊥ ) in magnetized confinement plasmas. As a result, a number of systems have been used in worldwide fusion plasma devices, such as tokamaks (Tuman-3M [2] , ASDEX Upgrade [3] [4] [5] , Tore Supra [6, 7] , DIII-D [8, 9] , JT-60U [10] ) and helical/stellarators (Wendelstein 7-AS [1, 11] , TJ-II [12] , LHD [13] ).
Recently, a multi-channel system operating over a broad frequency range has been demonstrated [9] . The system is utilized for measuring not only the spatial structure of the plasma parameters, but also the temporal relationship between two (or many) points in space. These measurements are quite helpful for evaluating plasma turbulence, transport, and confinement phenomena. For these reasons, a new multi-channel Doppler reflectometer has been developed for the Large Helical Device (LHD).
From a technical point of view, this novel multichannel system is based on the previous development of a high-frequency and low phase-noise frequency comb generator. A frequency comb itself is an influential modauthor's e-mail: tokuzawa@nifs.ac.jp ern technology, for applications such as an optical laser comb [14] , terahertz comb [15] , and others. The present development for fusion plasma diagnostics is recognized as one of the applications of the frequency comb technique. Figure 1 shows an example of the frequency spectrum of the comb generator output. Here, a modulation frequency of 410 MHz is applied to the comb generator. Numerous comb frequency components can be observed up to 20 GHz, and their separation is easily controlled by the modulator. When the comb generator output is launched to the plasma and the cut-off condition of each frequency is satisfied, each frequency component returns from its corresponding position. Therefore, a time resolved multi-point measurement, representing a spatio-temporal observation, has been made possible.
The principle of Doppler reflectometry is explained simply as follows. When a deliberately tilted probe wave beam is launched to a plasma, it is refracted according to the density gradient. As the wave propagates, the wavenumber decreases with the refractive index. When the wavenumber reaches a minimum, the beam is turned and reflected back. In addition, at the turning point, the wave is sensitive to fluctuations of the refractive index. If the fluctuation satisfies the Bragg condition, i.e., k = −2k i (where k i is the local wave vector of the launching beam), the scattered radiation will be returned. In addition, when the fluctuations move with a velocity u, the backscattered signal shows a Doppler frequency shift
Here, the subscripts and r indicate the parallel and radial directions, respectively. It can usually be assumed that k ⊥ k and v ⊥ < v , so that the second term (v k ) is negligible in comparison with the first term (v ⊥ k ⊥ ). If, in addition, the turbulence does not displace itself radially, the third term vanishes and ω D ≈ v ⊥ k ⊥ . Then, the perpendicular velocity v ⊥ of the selected fluctuation can be calculated. The perpendicular velocity is a composition of the plasma background E × B velocity v E×B and the intrinsic phase velocity of the density fluctuations v ph , and this composition is given as v ⊥ = v E×B +v ph . If v ph is known or v ph v E×B (which is usually satisfied at the plasma edge in magnetically confined devices), the radial electric field E r can be extracted from the measurement of the perpendicular velocity through E r = v ⊥ B, where B is the absolute value of the magnetic field [1, 3, 7] .
In this paper, we describe the diagnostics system status in Sec. 2 and present an analysis of the system performance and preliminary experimental results in Sec. 3. The first trial conducted using direct signal acquisition is described in Sec. 4. 
Diagnostics System Design
The ka-band microwave frequency comb Doppler reflectometer system is described as follows. The system comprises two sections that consist of a microwave circuit shown in Fig. 2 and a receiver section shown in Fig. 3 . A passive, nonlinear transmission line (NLTL: PSPL model 7112) modulated by a stable synthesizer is used as the frequency comb source. NLTLs have excellent low phase noise performance [16, 17] and generate an array of equally spaced (presently, Δ f = 0.71 GHz) frequencies with a slow decay in output power. The frequency range of the output is initially up to 20 GHz. The wave is amplified in the frequency range of 12 -20 GHz. The wave frequency is subsequently doubled followed by a frequency active multiplier in the ka-band (26 -40 GHz). In the kaband, the number of comb components is around 20 (i.e., 14 GHz/0.7 GHz). Therefore, 20 frequency components can be simultaneously launched to the plasma. The probe beam is launched and received by bistatic conical horn antennas with a lens, and these antennas can modify the launching angle to the plasma [18] . The antenna angle is slightly tilted toward the normal of the plasma surface in the horizontal cross section for Doppler reflectometry operation. The Doppler-shifted back-scattered signal is mixed with a local wave whose frequency is 32.84 GHz. Reduction of the frequency range of the intermediate frequency (IF) signal by tuning the local frequency was successfully achieved. The IF signal has several frequency comb components, as shown in Fig. 4 . Comb frequency components less than 6 GHz are clearly observed. The IF signal, denoted as "Signal," is generated as shown in Fig. 2 . A portion of the probe wave is divided and fed to mixer (Mixer 1) to form what is denoted as the "Reference" signal in Fig. 2 for heterodyne detection.
The down-converted IF signals are fed to a receiver This provides information regarding the phase variation caused by plasma fluctuation. Finally, the data of the filter bank system are acquired by an analog to digital converter (ADC) system with a 1 MHz sampling rate and 16-bit resolution. In addition, we attempted to apply the direct signal acquisition system described below.
System Performance
Profile measurement is one of the purposes of the present diagnostics. However, the observation position is affected by the plasma condition such as the electron density and magnetic field. To obtain the radial scattering position and the perpendicular wave number k ⊥ , the LHDGAUSS three-dimensional beam tracing code [19] was used. Figure 6(a) shows an example of the beam trace of a 36 GHz probe beam. The beam is launched from the lower right side, which is the outboard side in the horizontal cross section of the LHD, and reflected near the cutoff position of ρ = 0.8. The LHDGAUSS code calculates the perpendicular wave number k ⊥ to the magnetic field at each point of the ray trajectory from the plasma edge to the turning point. The measured wave number of the density fluctuation is then obtained at the ray turning point. In 6(b) , the radial dependence of the perpendicular wave number k ⊥ is shown for the case of six launching frequencies from 28 to 38 GHz. Of course, when the antenna angle, the plasma condition, and/or the utilized frequency are changed in the experiments, the measured wave number exhibits a wide variety that can be as high as 15 cm −1 .
Preliminary LHD plasma measurements were performed. Figure 7 illustrates the temporal evolution of the Doppler frequency spectra around the interruption of tangential neutral beam injection (t-NBI). In this figure, the mean frequency, which is calculated by the simple spectrum weighted mean technique [3] , is indicated by the black line. This data is obtained under the condition that the magnetic axis position in the vacuum field is R ax = 3.60 m, and the magnetic field strength is B t = −2.75 T. During the time frame of interest, the perpendicular NBI sustains the plasma. Prior to the interruption of t-NBI, the electron density and the stored energy are kept nearly constant but the negative plasma current is increased. As can be seen, the most inner core channel of 31.95 GHz shows that the Doppler shifted frequency is decreasing toward the negative frequency direction during t-NBI. After t-NBI interruption, the Doppler frequency is increasingly turned. On the other hand, the outer channels show slightly delayed responses. These frequency shifts correspond with the poloidal flow at each position because the density profile is nearly steady over this period. Poloidal flow and parallel flow are related to each other through the medium of the electric field. Similar fast response against tangential NBI has also been observed in tokamaks [5, 8] . In addition, the stored energy decreases just after the interruption but the plasma current responds with a finite delay. It may be that the heating process is responding quickly to the power input, but the rotational torque is responding slowly. In addition, there are varieties of the Doppler shift frequency response at each channel. It may be shown that the poloidal flow has a fine structure. However, when the estimated Doppler shift peak frequency has a small value, it is often affected by the zero frequency components (that is, spurious carrier wave components) and the error of estimation is relatively increased. Therefore, this diagnostics yields an interesting plasma feature.
Direct Signal Acquisition
Now, we describe the preliminary test results of direct signal acquisition in an LHD plasma experiment. The direct signal acquisition is one of the effective developments for adding more channels to the multi-channel system because the current observation channel number is limited by the number of filter banks. The frequency comb reflectometer presently has around 20 frequency components. If the signal is acquired directly, it might obtain all of the frequency components, which provides much more spatio-temporal information. Another problem is the distance of separation between the data acquisition and the microwave system that is installed in LHD experimental room, which is a distance of approximately 100 m. For a solution, we utilize optical fiber transmission with an electro-optical converter, whose effective frequency range is presently up to 3 GHz. The reduced IF frequency is also useful at this point. This additional system is illustrated in Fig. 3 . Then, a high frequency sampling rate digital oscilloscope (LeCroy: WaveMaster 820Zi-A [20]) is used for direct signal acquisition. Its bandwidth is 20 GHz and the sampling rate is 80 GS/s which is sufficient to demonstrate direct signal acquisition. Figure 8 shows an example of the frequency spectra obtained by the oscilloscope on-board analysis and display software. Here, 500 µs of stored data is used for making this graph. The frequency combs are all overlayed in a single viewer. Using this tool, several Doppler shifted frequency comb components are observed simultaneously. Note that this capture is a rough analysis. We subsequently calculated 100 MWords (that is 5 ms) of stored data for extracting each Doppler shift frequency from the digital frequency analysis mentioned above. The data size is limited by the computer memory size, which affects the resolution. The obtained radial profile of the poloidal velocity is shown in Fig. 9 . Here, charge exchange spectroscopy (CXS) [21] data is also plotted and they are nearly in agreement. Therefore, it is determined that direct signal acquisition can be utilized.
